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Abstract
Biogenic amines regulate a variety of behaviors. Their functions are predominantly mediated through G-protein-coupled 7-transmem-
brane domain receptors (GPCR), 16 of which are predicted to exist in the genome sequence of the nematode Caenorhabditis elegans. We
describe here the expression pattern of several of these aminergic receptors, including two serotonin receptors (ser-1 and ser-4), one
tyramine receptor (ser-2), and two dopamine receptors (dop-1 and dop-2). Moreover, we describe distinct but partially overlapping
expression patterns of different splice forms of the ser-2 tyramine receptor locus. We find that each of the aminergic receptor genes is
expressed in restricted regions of the nervous system and that many of them reveal significant overlap with the expression of regulatory
factors of the LIM homeobox (Lhx) gene family. We demonstrate that the expression of several of the biogenic amine receptors is abrogated
in specific cell types in Lhx gene mutants, thus establishing a role for these Lhx genes in regulating aspects of neurotransmission. We extend
these findings with other cell fate markers and show that the lim-4 Lhx gene is required for several but not all aspects of RID motor neuron
differentiation and that the lim-6 Lhx gene is required for specific aspects of RIS interneuron differentiation. We also use aminergic receptor
gfp reporter fusions as tools to visualize the anatomy of specific neurons in Lhx mutant backgrounds and find that the development of the
elaborate dendritic branching pattern of the PVD harsh touch sensory neuron requires the mec-3 Lhx gene. Lastly, we analyze a mutant allele
of the ser-2 tyramine receptor, a target of the ttx-3 Lhx gene in the AIY interneuron class. ser-2 mutants display none of the defects
previously shown to be associated with loss of AIY function.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
LIM homeobox (Lhx) genes code for regulatory fac-
tors involved in nervous system development (Bach,
2000; Hobert and Westphal, 2000; Jessell, 2000;
Shirasaki and Pfaff, 2002). Expression of these genes can
often be found in postmitotic neurons, suggesting a role
for Lhx genes in determining and maintaining the differ-
entiated state of neurons (Hobert and Westphal, 2000).
Whereas the function of Lhx genes in some neuronal cell
types has been elucidated, the limited availability of cell
fate markers has hindered an analysis of Lhx gene func-
tion in many other neuronal cell types. Further compli-
cating the matter, Lhx genes can act in a manner highly
dependent on cellular context. For example, the Apter-
ous-type ttx-3 Lhx gene acts as a regulator of all known
subtype-specific characters of one specific C. elegans
interneuron class but does not appear to affect the differen-
tiation of other neuron classes in which ttx-3 is normally
expressed (Altun-Gultekin et al., 2001). For this reason, the
function of any given Lhx gene must be painstakingly
assessed for each individual neuron class without drawing
any assumptions from other neuron classes.
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Besides the context-dependent action of individual tran-
scription factors, another theme emerging from the study of
transcriptional control of neuronal development is the pro-
gressively restricted action of hierarchically ordered tran-
scription factor cascades. Early acting transcription factors
affect the overall generation of a neuron, while later acting
transcription factors affect the adoption of all known sub-
type characteristics without affecting the pan-neuronal
properties of a neuron. Even later acting factors determine
only a very limited subset of neuronal subtype characteris-
tics. Different types of Lhx genes have been found to act at
each of these distinct steps in neuronal development. For
example, the vertebrate Lhx factor, Isl1, is required for
motor neuron generation (Pfaff et al., 1996). The C. elegans
mec-3 and ttx-3 genes are necessary for the adoption of all
subtype but not pan-neuronal characteristics of various neu-
ron classes (Altun-Gultekin et al., 2001; Duggan et al.,
1998; Way and Chalfie, 1988), whereas the lim-6 Lhx gene
is required for the expression of only a restricted subset of
motor neuron features (Hobert et al., 1999) (O.H., unpub-
lished observations).
To determine at what step a given transcription factor
acts requires the availability of tools to assess how a
given neuron subtype is affected by the loss of that
transcription factor. Such tools may, for example, allow
for the visualization of the anatomical or physiological
properties of a neuron. Perhaps best suited for the anal-
ysis of transcription factor function, however, are molec-
ular tools, that is, cell fate markers that reflect neuron
subtype-specific gene expression profiles. The activity of
transcription factors acting late in neuronal differentia-
tion can be monitored by the expression of genes that
determine specific functional properties of a neuron, such
as ion channels, neurotransmitter synthesizing enzymes,
or neurotransmitter receptors. In this paper, we describe
a set of such terminal differentiation markers, namely
G-protein-coupled neurotransmitter receptors, and use
them to assess the roles that LIM homeobox genes play in
the differentiation of specific neural subtypes. Given the
established role of biogenic amines in the regulation of a
variety of behaviors in the adult nervous system (e.g.,
Blenau and Baumann, 2001), we concentrated on
metabotropic, G-protein-coupled neurotransmitter recep-
tors (GPCR) predicted to have biogenic amine specificity.
Metabotropic receptors for the biogenic amines seroto-
nin, dopamine, and tyramine have been described in C.
elegans on a pharmacological level (Olde and McCombie,
1997; Rex and Komuniecki, 2002; Suo et al., 2002). How-
ever, their expression patterns have not previously been
reported. These receptors are presumed to mediate the roles
that both serotonin and dopamine were shown to have in
modulating a variety of C. elegans behaviors, such as egg-
laying and locomotory behavior (Mendel et al., 1995; Sawin
et al., 2000; Schafer and Kenyon, 1995; Segalat et al., 1995;
Weinshenker et al., 1995). In addition, serotonin is involved
in regulating mating behavior, feeding behavior, and the
metabolic state of a worm (Avery and Horvitz, 1990; Loer
and Kenyon, 1993; Sze et al., 2000). Localization of the
receptors for serotonin and dopamine may provide impor-
tant insights into the nature of the neuronal circuits that
underlie the execution of these behaviors. The expression
pattern analysis of serotonin, dopamine, and tyramine re-
ceptors that we present here is aimed at providing the first
glimpses into this direction.
In contrast to serotonin and dopamine, the role of tyra-
mine in C. elegans has not been reported to date. Tyramine
is the chemical precursor to octopamine, a biogenic amine
regulating a variety of behaviors in invertebrates and
thought to be the invertebrate nervous system counterpart to
norepinephrine (Roeder, 1999). While initially thought to
simply be an octopamine precursor, the molecular cloning
of high-affinity tyramine receptors in flies (Saudou et al.,
1990) and in vertebrates (Borowsky et al., 2001) as well as
the specific effect of tyramine on cocaine sensitization in
flies (McClung and Hirsh, 1999) suggests tyramine func-
tions as a neuroactive substance. Furthermore, a hypomor-
phic allele of the Drosophila tyramine receptor revealed a
function for this protein in olfactory behavior and in mod-
ulating signaling at the neuromuscular junction (Kutsukake
et al., 2000; Nagaya et al., 2002). We present here an
expression pattern analysis of a worm tyramine receptor, its
various splice forms, and characterize a putative null allele
of the receptor.
Materials and methods
Sequence analysis
Biogenic amine receptors were identified in reiterative
BLASTp searches (Altschul et al., 1990) using the Genbank
BLAST server at http://www.ncbi.nlm.nih.gov/blast/ and the
C. elegans genome BLAST server at the Sanger Center at
http://www.sanger.ac.uk/Projects/C_elegans/blast_server.shtml.
The pairwise sequence alignment was evaluated with the blo-
sum62 substitution matrix. Reiterative BLAST searches iden-
tified 16 biogenic amine receptors with a characteristic 7-trans-
membrane topology and specific sets of conserved amino acids
(Gether, 2000) (Fig. 1A and B). These 16 proteins are all
consistently picked up as the first 16 hits in BLAST searches
of the Sanger Center C. elegans genome database using inver-
tebrate and vertebrate biogenic amine receptors as the query
sequence. Conversely, these 16 predicted proteins consistently
pick up only biogenic amine receptors as first hits when they
are used as the query sequence in Genbank BLAST searches.
The next most similar group of proteins retrieved by BLAST
using these 16 proteins as query are the GAR proteins (GAR-
1/C15B12.5, GAR-2/F47D12.1, and GAR-3/C53A5.12),
which are muscarinic acetylcholine receptors (Hwang et al.,
1999). Aminergic receptor sequences were aligned with Clust-
alX v1.81, and a phylogenetic tree was constructed with NJPlot
(using the neighbor joining method) and PAUP4.0b10 (using
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parsimony analysis). Transmembrane prediction was con-
ducted by using the TMHMM Server v2.0 at http://ww-
w.cbs.dtu.dk/services/TMHMM/ (Krogh et al., 2001).
Strains
The wild-type strain used is the N2 Bristol isolate. LIM
homeobox null mutant strains used in this study are: ttx-
3(mg158), ttx-3(ot22) (Altun-Gultekin et al., 2001), lim-
6(nr2073) (Hobert et al., 1999), lim-4(ky403) (Sagasti et al.,
1999), egl-38(n578)mec-3(n3197), mec-3(u298), mec-
3(e1338) (Way and Chalfie, 1988), and lin-11(n389); him-
5(e1467)V (Ferguson and Horvitz, 1985). RIS cell fate
markers are nuIs1 [Is(glr-1::gfp; lin-15)] (Hart et al., 1995),
otIs11 [Is(zig-5::gfp; rol-6)] (Aurelio et al., 2002), and
otIs39 [Is(unc-47::gfp; lin-15)] (Aurelio et al., 2003). RID
cell fate markers are lqIs4 [Is(ceh-10::gfp; lin-15)] (a gift
from E. Lundquist), otIs33 [Is(kal-1::gfp; pBX] (Bu¨low et
al., 2002), and otIs12 [Is(zig-5::gfp; rol-6)] (Aurelio et al.,
2002). Markers for the AIY interneuron class are mgIs18
[Is(ttx-3::gfp; lin-15)] (Altun-Gultekin et al., 2001) and
otIs121 [Is(ttx-3::rfp; unc-122::gfp] (see below).
Isolation of ser-2 cDNAs
cDNA was isolated by PCR from mixed stage and em-
bryonic cDNA libraries using gene-specific primers and
vector primers. So as to avoid bias, cDNA was isolated
using a two-part approach. To isolate the 5 end of the
cDNA, a nested PCR was carried out. The first reaction 5
primer, M13-Reverse, corresponded to vector sequence 5
of the cDNA insert, whereas the nested 5 primer was T3,
also upstream of the cDNA insertion site. The first reaction
3 primer (5-CTAAGGTTGCGCACTCATTC) is comple-
mentary to the end of the ser-2 gene. The nested 3 primer
(5-CTCTTTTCTCCTTCGCCAC) is complementary to se-
quence at the start of the tenth exon. To isolate the 3 end of
the gene, a similar strategy was employed. 3 first and
second reaction vector primers were M13-Forward and T7,
respectively. The first reaction 5 primer corresponded to
sequence in exon 2 (5-ATGGTGTTACGAGCCATCG).
The nested reaction 5 primer used (5-ATGACCTCTAT-
GAAACCGCC) is found in exon 2, 74 nucleotides down-
stream of the first reaction 5 primer. Given a predicted
cDNA size of approximately 1500 base pairs, all bands
larger than 750 base pairs were cloned into the pCR-XL-
TOPO vector (Invitrogen product # K4700-10). A total of
38 candidates containing inserts were randomly selected
and sequenced using 5 and 3 vector primers.
In order to determine whether there was a correlation
between the inclusion of exon 5A and promoter choice, the
following experiments were performed. Ninety-four pCR-
XL-TOPO transformants containing cDNA inserts were
randomly selected and screened by PCR using primers spe-
cific to exons 1a (5-TGCTAAGACATCATGTTCCG) and
5a (5-CCCTCGCCATAGTTAGATTG). No product was
detectable, although a similarly sized product using primers
specific to exons 1a and 6 was observed. In addition, a
different set of 94 randomly selected transformants was
selected to determine which promoter was used to drive
expression of exon 5a-containing cDNAs. Specifically, the
M13-Reverse vector primer and the exon 5a primer were
used to obtain 12 cDNAs out of the 94 screened. These 12
PCR products were sequenced with respect to the 5-most
end of the cDNA. Two were found to contain exon 1bc, 10
contained exon 1d, whereas none were identified as having
exon 1a sequence.
Generation of reporter gene fusions and transgenic
strains
All three ser-2 reporter constructs (see Fig. 3A) were gen-
erated by using a PCR fusion protocol, using pPD95.75 as a
template for green fluorescent protein (gfp) (Hobert, 2002). For
all gfp fusion primers listed, gfp vector sequence is indicated in
lowercase, and gene-specific sequence is indicated in upper-
case. The primers for the respective fusions are: ser-2prom1
5upstream: 5-GGACTCCCTCCTTGTATGGC (no nested
primer was used); ser-2prom1 3primer: 5-cccggggatcctcTA-
GAGGTCATGGGAATGTCC; ser-2prom2 5upstream
(OH346): 5-GTCTGGTAAGTTGAACATGGAGTC; ser-
2prom2 5upstream nested (OH347): 5-ATTTTATGACTT-
TCACTAGAAATG; ser-2prom2 3 primer (OH345):
5-agtcgacctgcaggcatgcaagctCATTTTTGCAAATTACTTGA-
GGC; ser-2prom3 5upstream (OH349): 5-CATGCT-
TGTTCTAGTGATCAAAATTG; ser-2prom3 5upstream
nested (OH350): 5-GTAAAAGTTTAGTAAATTAACTGC;
and ser-2prom3 3 primer (OH348): 5-agtcgacctgcaggcatg-
caagctCATTATGTGTTGTGATGTCACAA.
ser-2prom1::gfp was injected into lin-15 mutant animals
with lin-15() to generate adEx1450, which was chromo-
somally integrated to yield otIs107. ser-2::prom2::gfp
transgenic lines were generated both with rol-6 as an injec-
tion marker in an N2 wild-type background (otEx448) as
well as with pBX as an injection marker in a pha-1(e2123)
mutant background (otEx536, otEx537). All transgenic lines
showed similar expression patterns. ser-2prom3::gfp was
injected with rol-6 as an injection marker into an N2 wild-
type background (otEx449-456). All transgenic lines
showed similar expression patterns. otEx449 was chromo-
somally integrated to yield transgene otIs138, which was
twice backcrossed. A translational fusion of the whole ser-2
locus to gfp was created by using an in vivo recombination
technique. Specifically, two overlapping PCR fragments,
one containing the 5 part of a locus, the other containing
the remainder of the locus PCR-fused to gfp, were coin-
jected into the worm. Recombination of these two frag-
ments via the homologous region [which had been previ-
ously observed using rol-6 and unc-68 as test cases (Maryon
et al., 1998; Mello et al., 1991)] leads to the expression of
a full-length ser-2::gfp fusion.
The dop-1prom1::gfp fusion was created by PCR fusion
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with primers that range from 3.46 kb to 354 bp of the
corrected ATG (see main text). The sequences of the prim-
ers are: dop-1prom1 5upstream (oBJ1): 5-TCAAG-
CACTTTGTGAACACG; dop-1prom1 5upstream nested
(oBJ2): 5-TAGGATGGGCGACCTAGGATG; and dop-
1prom1 3primer (oBJ3): 5-gtcgacctgcaggcatcgaagctTTT-
GATTTTTTTAAACCAG. The PCR product was injected
into pha-1(e2123ts) along with pBX as an injection marker.
Array names are otEx233-236.
The dop-1prom2::gfp fusion was created by using the same
set of upstream primers as in dop-1prom1::gfp but using a 3
primer that extends six nucleotides 3 to the corrected ATG.
The sequence is: 5-gcaggcatgcaagctATCGTTCATC-
GAATTTCTGG. The PCR product was injected into pha-
1(e2123ts) along with pBX as an injection marker. Array
names are otEx1043-1045.
The dop-1trans::gfp fusion was created by overlap
extension PCR using the upstream primer sequence (5-
TCCCTCCCATTCAAAGTGTTCAC) located 4.1 kb up-
stream of the predicted ATG, and the downstream primer
(5-catacctttgggtcctTTGGCAGAAGAGTTTGCGTATCC)
4.6 kb downstream of the ATG within the seventh exon of
the gene. No nested primers were used for this reaction. The
purified GFP fusion product was coinjected with lin-15()
into lin-15(n765ts) worms to generate adEx1647.
The dop-2::gfp fusion was created by subcloning 4.4 kb
of genomic DNA directly upstream of the predicted ATG
start codon into a gfp expression vector and was kindly
provided by Gisela Sandoval. DNA was injected into pha-
1(e2123ts) along with pBX as an injection marker to create
transgene otEx980.
The ser-4::gfp fusion was created by PCR fusion. The
upstream primer (5-TTCCCCCCCTCTGACGACTACT)
is located 4.1 kb upstream of the predicted ATG, and the
downstream primer (5-tgggtcctttggccaatccAGAAGTCA-
CAGACCACGAC) is 3.7 kb downstream of the ATG
within the third exon of the gene. No nested primers were
used for the fusion reaction. The transgene array is
adEx1616.
ser-1::gfp was created by PCR fusion of a 9.4-kb
genomic fragment to gfp and encompasses 1.7 kb of se-
quences upstream of the ATG start codon. The resulting
transgenic line was chromosomally integrated (kindly pro-
vided by Stephen Nurrish).
Reporter fusions for the remaining, uncharacterized bio-
genic amine receptor genes contain the genomic regions
described below. A slight variation of the gfp fusion proto-
col described above was used such that nested primers were
not used and a slightly different primer in the 3 UTR of gfp
was utilized (T. Niacaris, unpublished observations).
C09B7.1::gfp was created by using the upstream primer
(5-CGGGCCTGTGAAATGTCAACT) located 2.2 kb up-
stream of the predicted start site and the downstream primer
(5ccaatcccGGGGATCCACATGCCGAAAGACTT) 6.5
kb downstream of the ATG within the fourth exon of 7. The
construct was injected into lin-15(n765ts) mutants with lin-
15() to generate adEx1641.
K02F2.6::gfp was created by using the upstream primer
(5-TTTCCCCTTCATTCATTTTCCGT) located 4.1 kb
upstream of the predicted start site and the downstream
Fig. 1. The complete set of predicted biogenic amine receptors in the C.
elegans genome. (A) Biogenic amine receptors retrieved through reiterative
BLAST searches are shown. Ligand binding was assessed by in vitro binding
assays as described in the respective references mentioned in the text. We infer
dopamine as a likely ligand for DOP-2 given its similarity to the D2-dopamine
receptor family (C). (B) Transmembrane prediction of a representative bio-
genic amine receptor, SER-2A, using a hidden Markov model (TMHMM)
(Krogh et al., 2001). Characteristic motifs thought to be involved in biogenic
amine binding (WXPF and WXXY) (Roth et al., 1997), receptor activation
(DRY), and receptor desensitization/internalization (NPXXY) (Gether, 2000)
are present in all putative biogenic amine receptors listed in (A). The position
of the ser-2 deletion allele, pk1357 (described later in the text), is also shown.
(C) The C. elegans genome contains two dopamine receptors, F15A8.5/
DOP-1 and K09G1.4/DOP-2 (gray shading), which are representative of the
D1 and D2 dopamine receptor subfamilies. D1- and D2-type dopamine recep-
tor sequences were retrieved from GenBank and assembled into a phylogenetic
tree with the distance-based neighbor-joining method using ClustalX. A sim-
ilar clustering of DOP-1 and DOP-2 can be observed with parsimony analysis
using PAUP (data not shown). Human histamine receptor H3 was used as an
outlier. “h” stands for human, “m” for mouse, and “Dm” for Drosophila.
GenBank Accession nos. are: DmDD2R: AAN15955.1, hD3DR:
AAB08750.1, hD5DR: AAN01276.1, hD4DR: AAB59386.1, DmDR:
AAF55030.2, hD1DR: AAB26273.1, CeDOP-1: AAO91737.1, mD2DR:
NP_034207.1, CeDOP-2: NP_505478.2, hHistH3: AAD38151.1
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primer (5-ggccaatcccggGGATCGAATTGCCGTTGAG)
2.1 kb downstream of the ATG within the seventh exon of
7. The construct was injected into lin-15(n765ts) mutants
with lin-15() to generate adEx1644.
T02E9.3::gfp was created by using the upstream primer
(5-GTCGCTTTCTTTCCCATCTTGTT) located 4.0 kb up-
stream of the predicted start site and the downstream primer
(5-ccaatcccggggATCCTTCCTGTTCAGCCATTTTT) 3.5
kb downstream of the ATG within the seventh exon of 7. The
construct was injected into lin-15(n765ts) mutants with lin-
15() to generate adEx1646.
F14D12.6::gfp was created by using the upstream primer
(5-CGTATGTCCAAGAGCCCGCTA) located 4.0 kb up-
stream of the predicted start site and the downstream primer
(5-ttggccaatcCCGGGTTGATACCAGAGTTACCTG) 1.8
kb downstream of the ATG within the eighth exon of 9. The
construct was injected into lin-15(n765ts) mutants with lin-
15() to generate adEx1649.
F01E11.5::gfp was created by using the upstream primer
(5-TTTGAAAATCTCTCGCTGATCCG) located 0.3 kb up-
stream of the predicted start site and the downstream primer
(5-cggggatcctctagagTCGACTTGCCCACTACTTTCG) 7.7
kb downstream of the ATG within the ninth exon of 13. The
construct was injected into lin-15(n765ts) mutants with lin-
15() to generate adEx1648.
M03F4.3::gfp was created by using the upstream primer
(5-CGCTCCATATCGCTTGTAAGC) located 0.2 kb up-
stream of the potential start site and the downstream primer
(5-cggggatcctctagagTCGTCCAAAGCGAGCCG) 3.8 kb
downstream of the ATG within the second exon of 11. The
construct was injected into lin-15(n765ts) mutants with lin-
15() to generate adEx1519.
The last two reporter gene fusions only contain a short
region upstream of the ATG. This is due to a change in gene
structure predictions since the time at which primers were
designed. Current predictions of gene structure are based on
Fig. 2. dop-2 and ser-2 cDNAs. (A) Predicted gene structure of the dop-2 locus, confirmed with the near-complete EST clone yk1356c04 (start of clone
indicated by an arrow in the first exon; extends to 3 end of gene). (B) Gene structure of the ser-2 locus as deduced by PCR-mediated analysis of transcripts
from a cDNA library. ser-2a and ser-2b are the most prevalent splice forms (13/19 and 4/19 independently isolated library clones, respectively). We also
detected transcripts in which the third to last exon, coding for part of a large intracellular loop, is missing (data not shown). Previously described ser-2 cDNAs
incorrectly started at the second exon due to bias in primer choice during PCR amplification (“OLD SER-2”; Rex and Komuniecki, 2002). The predicted ATG
start codon of the first exons in ser-2a and ser-2bc are preceded by an in-frame stop codon (indicated by “*”).
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recently identified expressed sequence tags (http://www.
wormbase.org).
Microscopy and cell identifications
Animals were mounted and analyzed with a Zeiss Axio-
plan 2 microscope equipped with Nomarski filters and a
fluorescent light source. Images were collected with a CCD
camera and the Openlab Software package, with the excep-
tion of Fig. 5F, which was collected with a confocal micro-
scope.
Identifications of cells that express gfp reporter gene fusions
were confirmed by cell position and axon morphology. As a
landmark for relative cell position, amphid sensory neurons
were filled with the red fluorescent dye, DiI (Hedgecock et al.,
1985). For example, expression of ser-4::gfp in RIB was con-
firmed by the stereotyped location of the GFP-positive cell
sandwiched between the DiI-filled ASH and ASJ neurons. All
three neurons send an axon through the amphid commissure
(red and green labeled). Expression of gfp transgenes in the
AIY interneuron class was examined by crossing the respec-
tive gfp strains with a chromosomally integrated transgene,
otIs121, which expresses red fluorescent protein (rfp) exclu-
sively in AIY. The colocalization of gfp and rfp signals was
then assessed. The otIs121 transgenic strains express dsRed
(Clontech, Inc.) under the control of an AIY-specific promoter
fragment from the ttx-3 gene (construct kindly provided
by Zeynep Altun). A coelomocyte-specific gfp reporter
(unc-122::gfp) was used as an injection marker to generate the
strain.
Phenotypic analysis of Lhx mutants
All Lhx mutants described here are null alleles of the
respective genes. Their effects on the expression of cell fate
markers and/or on axon morphology were assessed by
crossing either extrachromosomal or chromosomally inte-
grated reporter gene arrays into the respective Lhx null
mutant background. This allowed for a comparison of the
same array in wild-type and mutant backgrounds.
Isolation of a ser-2 deletion allele
A previously described PCR-based deletion library
screening approach was used (Jansen et al., 1997). Primer
pairs were chosen to span a genomic region of approxi-
mately 3.5 kb. The sequence of the primer upstream of the
predicted start was 5-AAATTCGTAAAGGCGCTATTAC
(ser-2 5A-outer), whereas that of the primer downstream of
the predicted stop was 5-TGCGACATGATTCACAGAC
(ser-2 3A-outer). The sequence of the nested primer up-
stream of the start was 5-CCAGGAAGGAAATAGTT-
GAGAC (ser-2 5A-nested). The sequence of the nested
primer downstream of the stop was 5-TGCGACATGAT-
TCACAGAC (ser-2 3A-nested). A 1442-bp deletion was
retrieved from the Plasterk lab Millennium Deletion Li-
brary.
Behavioral assays
Behavioral assays were performed according to the fol-
lowing references: Odortaxis, attraction (diacetyl, benzalde-
hyde, isoamyl alcohol, thiazole): Bargmann et al., 1993.
Odortaxis, repulsion (nonanone): Troemel et al., 1997.
Odor-induced modulation of reversal behavior, thrashing,
reversal frequency, body bends/time: Tsalik and Hobert,
2003. Chemotaxis: Wicks et al., 2000. Thermotaxis: Altun-
Gultekin et al., 2001. Copper barrier choice assay: Ishihara
et al., 2002. Maze Assay: Brockie et al., 2001b. Basal/
enhanced slowing response: Sawin et al., 2000. Amplitude
of locomotion: Sagasti et al., 1999. Dauer formation was
measured in a daf-7(e1372) mutant background as described
in Hobert et al., 1997. Harsh touch: Way and Chalfie, 1989.
Adaptations to diacetyl and benzaldehyde were per-
formed as follows: Well-fed animals were washed free from
food and placed on a 2% agar-containing assay plate, which
contained 5 agar plugs placed on the inside of the lid. The
agar plugs were saturated with the specified odorant and
worms were left to adapt for 1 h. Controls were treated in
parallel, except no odorant was added to the agar plugs.
After the adaptation period, worms were subjected to odor-
taxis assays according to previously published techniques
(Bargmann et al., 1993).
Defecation was scored by first picking individual young
adult worms onto a standard NGM plate coated with OP50
bacteria. The time between expulsion steps was then mea-
sured for four cycles for each of four worms of each geno-
type. Controls were tested in parallel. The experimenter was
blind to the genotypes of the test and control animals.
Egg laying was assessed by picking late-stage L3s onto
an OP50-coated NGM plate. These larvae were left to de-
velop for 24 h. Different NGM plates were coated with
either 200 l of octopamine (Sigma-Aldrich) for a final
concentration of 16 mg/ml or with an equal volume of water
and each was allowed to dry. At this point, 2 adult worms
were picked onto each OP50-coated NGM plate (containing
octopamine or water) and allowed to lay eggs. The total
number of eggs laid by the 2 worms on each plate was
scored at specified time intervals. The data presented in Fig.
10E represent the total number of eggs laid per plate aver-
aged across 5 independent samples for a total of 10 worms
of each genotype.
Results
Biogenic amine receptors in the C. elegans genome
To characterize the role that various Lhx proteins play in
neuronal differentiation, we first had to identify and char-
acterize a set of molecular tools reflective of neuronal sub-
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type-specific gene expression. We therefore searched for
biogenic amine receptors in the C. elegans genome se-
quence using reiterative BLAST searches with known
vertebrate and invertebrate metabotropic biogenic amine-
receptors, namely serotonin, dopamine, histamine, octo-
pamine, and tyramine receptors. We identified 16 predicted
C. elegans proteins with a 7-transmembrane topology that
share homology to these receptors and contain characteristic
motifs involved in biogenic amine binding, G-protein cou-
pling, and desensitization/internalization (Fig. 1A and B;
see Materials and methods for details on the search). A
previous analysis of the unfinished C. elegans genome se-
quence had identified a largely overlapping, though less
complete set of proteins (Bargmann, 1998).
Pharmacological and ligand binding properties were de-
scribed for 4 of these 16 receptors, demonstrating that
Y22D7AR.13/5-HT-Ce/CER-1/SER-4 (from here on re-
ferred to as SER-4, the CGC approved name) and
F59C12.2/5-HT2Ce/SER-1 (from here on referred to as
SER-1) are serotonin receptors (Hamdan et al., 1999; Olde
and McCombie, 1997), whereas SER-2 is a tyramine recep-
tor (Rex and Komuniecki, 2002) and DOP-1 is a dopamine
receptor (Suo et al., 2002) (Fig. 1A).
Sequence comparisons did not allow us to unambigu-
ously group the other putative biogenic amine receptors into
specific subfamilies, thus making their ligand binding prop-
erties difficult to predict. One exception is the K09G1.4
protein, which together with DOP-1, shares the highest
sequence similarity to dopamine receptors. Along with
DOP-1, it is consistently picked up as one of the first two
hits when BLASTing the C. elegans genome database with
known vertebrate dopamine receptors (P value in the 1e-40
to 1e-43 range, depending on which vertebrate dopamine
receptor is used). Due to primary sequence features and
their choice of downstream targets, dopamine receptors can
be divided into two subfamilies, the D1- and the D2-sub-
family (Vallone et al., 2000). Whereas the DOP-1 receptor
falls into the D1-like subfamily, we find that K09G1.4 is of
the D2-like subfamily of dopamine receptors (Fig. 1C). We
named this receptor DOP-2.
We have focused our analysis on the biogenic amine
receptors SER-1, SER-4, SER-2, and DOP-1, whose ligand
properties have been characterized in vitro (Hamdan et al.,
1999; Olde and McCombie, 1997; Rex and Komuniecki,
2002; Suo et al., 2002). In addition, due to its strong primary
sequence affinity to the dopamine receptor class, we have
also included DOP-2 in our analysis.
The tyramine receptor locus ser-2 produces several
unusual transcripts
cDNAs for the ser-1, ser-4, and dop-1 loci have been
previously isolated (Hamdan et al., 1999; Olde and Mc-
Combie, 1997; Suo et al., 2002). One nearly complete EST
clone from Y. Kohara’s collection (yk1356c04), which ex-
tends 5 into the first exon of the predicted gene, defines the
gene structure of dop-2 (Fig. 2A). Our own analysis of
transcripts from the ser-2 locus, however, differed from that
of previously described ser-2 transcripts, whose isolation
was biased due to PCR primer choice (Rex and Komuni-
ecki, 2002). We found that the ser-2 locus is large and
complex coding for several splice variants (Fig. 2B). There
are four distinct features of these splice variants.
First, a set of 3 different first exons can be utilized. Each
of the 3 different splice variants produces a slightly different
N terminus (Fig. 2B). Second, an additional internal exon,
termed 5a, is included in some transcripts. Interestingly, the
presence of an in-frame stop codon in exon 5a produces a
shortened and presumably nonfunctional protein. Third,
exon 8 uses 2 distinct splice donor sites to splice to exon 9.
The 2 splice forms differ by 23 amino acids, which are
found in the third intracellular loop. This alternative splic-
ing has been previously reported (Rex and Komuniecki,
2002). Fourth, exon 9 is absent in several transcripts, and
similar to the alternative splice forms involving exon 8,
shortens the third intracellular loop.
Whereas the functional consequences of differential
splicing of exons 8 and 9 are difficult to predict, the inclu-
sion of exon 5a will produce an obvious functional conse-
quence, that is, the production of a truncated protein. In-
triguingly, the inclusion of exon 5a appears to be coupled to
the choice of the first exon. Using PCR, we found that if
exon 1a is utilized, the resulting protein is always full-length
and never contains the internal stop codon. In contrast, if
exon 1d is utilized, a truncated protein is always produced.
If exon 1bc is utilized, both types of protein, truncated and
nontruncated, are produced. The functional relevance of
such different transcripts is discussed in a later section.
Expression pattern of reporter gene fusions to the ser-2
tyramine receptor locus
We next examined the expression pattern of ser-2, dop-1,
dop-2, ser-1, and ser-4. To this end, we made use of reporter
gene fusions in which putative regulatory elements of the
respective loci are fused to the gene coding for green fluo-
rescent protein (gfp) (Chalfie et al., 1994). This sort of
reporter gene analysis has in the past served as a useful first
approximation of endogenous gene expression profiles of
neuronally expressed gene families (e.g., Aurelio et al.,
2002; Brockie et al., 2001a; Nathoo et al., 2001; Salkoff et
al., 2001; Troemel et al., 1995).
We generated and analyzed three distinct transcriptional
fusions to each alternative first exon of the ser-2 locus. We
previously reported that a fragment of the ser-2 locus en-
compassing the 5 upstream regulatory region, exons 1a and
2 as well as the first intron, fused in-frame to gfp
(ser-2prom1::gfp) is expressed in the AIY interneuron class
and a set of unidentified neurons (Altun-Gultekin et al.,
2001). We have now identified these neurons as head and
tail interneuron classes, namely AVHL/R, AUAL/R,
AIYL/R, RICL/R, SABVL/R, RID, RIAL/R, SABD, SDQ,
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CANL/R, DA9, LUAL/R, ALNL/R, and PVCL/R (Fig. 3).
In addition to its expression in neurons, ser-2prom1::gfp is
also expressed in pharyngeal cells (NSM neurons and
pm1/6 muscles) and in head muscles (data not shown). In
males, expression can be observed in posterior dorsal and
ventral body wall muscles, the male-specific diagonal muscles,
and several posterior neurons likely to be CP neurons (data not
shown). We confirmed that no more transcriptional regulatory
information is contained within intronic regions by generating
a fusion of gfp to the full coding genomic ser-2 locus using an
in vivo recombination technique (see Materials and methods).
Transgenic animals expressing such a construct show an ex-
pression pattern similar to the one observed with the
ser-2prom1::gfp construct (data not shown).
Expression using the upstream regulatory regions of
exon 1bc (ser-2prom2::gfp) is mostly restricted to the
AIYL/R, AIZL/R, RID, DVA, BDUL/R, SIADL/R, and
SIAVL/R interneurons (Fig. 3). Less consistent expression
is observed in PVT. In addition, expression is observed in
the RMEL/R motor neurons. Outside the nervous system,
expression can be observed in the excretory gland cells. The
expression of ser-2prom2::gfp in AIY and RID is notable
since the ser-2prom1::gfp expression construct, which en-
compasses a distinct set of upstream regulatory sequences
Fig. 3. Expression pattern of ser-2reporter gene fusions. (A) Reporter gene constructs. (B) Expression of gfp in transgenic worms. Anterior is always to the
left. Reporter transgenes are: ser-2prom1::gfp otls107, ser-2prom2::gfp otEx536, ser-2prom3::gfp otIs138. Animals were scored during larval stages.
Expression in the AIY interneuron class was confirmed by colabeling with otIs121 (see Materials and methods). The white star indicates nonspecific gut
autofluorescence.
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Fig. 4. Expression of dop-1::gfp and dop-2::gfp. (A) Reporter gene constructs for dop-1. dop-1prom1::gfp and dop-1prom2::gfp show largely similar
patterns of expression. (B–D) dop-1prom1::gfp (otEx233). (E, F) dop-1trans::gfp (adEx1647). (B) Lateral view of the head region. (C) Ventral view
of a region in the anterior half of an adult animal, showing axons in the left and right ventral nerve cord fascicles. (D) Ventral view of the tail ganglia.
The PVQR cell body is out of focus. (E, F) Localized expression of a dop-1 translational fusion (white arrows) in tail neuron axons (E) and head muscle
arms (F). (G) Reporter gene construct for dop-2. (H) Lateral view of the head region of adult dop-2prom::gfp-expressing animals (otEx980).
Expression is strongest and most consistent in RIA(L/R) but less consistent in sublateral interneurons (SIA and/or SIB; labeled “SI”). Inconsistent
expression of gfp in additional neurons can often be observed. (J) Sublateral interneurons send characteristic axons along sublateral tracts (white
arrows). (K) Lateral view of the tail region, showing expression of dop-2prom2::gfp in the PDA neuron, which characteristically sends an axon from
the ventral to the dorsal nerve cord.
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(Fig. 3A), is also expressed in these two cell types. There-
fore, the expression of ser-2a and ser-2b/ser-2c splice forms
in the same cell types (AIY and RID neuron class), relies on
separable cell-specific regulatory elements. Furthermore,
we have previously shown that, in spite of their apparent
morphological and functional differences, the AIY interneu-
rons and the RID motor neuron share a substantial set of
terminal differentiation characteristics (see Fig. 11) (Altun-
Gultekin et al., 2001).
The upstream regulatory region of the third splice form,
containing exon 1d, drives expression exclusively in two
sensory neuron classes, OLL(L/R) and PVD(L/R) (Fig. 3).
The PVD neuron class will be described in more detail in a
later section.
Taken together, we infer from the reporter gene constructs
that the ser-2 gene is expressed in a restricted set of sensory,
inter- and motor neurons. The best characterized ser-2-express-
ing interneuron classes are AIY, AIZ, and RIA, which process
a variety of sensory modalities (see Fig. 10A). While the
respective upstream regulatory regions of the three alternative
first exons drive expression in largely, though not entirely,
distinct sets of cells, it is possible that the expression of the
endogenous ser-2 splice variants may be the combined sum of
regulatory information provided by all three regulatory re-
gions. Testing such a possibility would require exon 1a-, 1bc-,
and 1d-specific probes (either antibody or in situ probes),
which are currently not available. No matter the results such an
analysis would produce, the available data demonstrate the
presence of distinct regulatory regions preceding distinct and
alternative first exons.
Expression pattern of reporter gene fusions to the
dopamine receptor loci, dop-1 and dop-2
In contrast to the ser-2::gfp reporter fusions, a dop-1::gfp
reporter gene fusion has a more restricted expression pattern
in the nervous system in larval and adult animals. Within the
head ganglia, dop-1prom1::gfp is consistently expressed
only in the RIS interneuron class (Fig. 4). Only weak and
inconsistent expression can be observed in other unidenti-
fied head neurons. Consistent and strong expression can be
observed in the excretory gland cells and head muscles as
well as in several labial and amphid sensory neuron support
cells (sheath/socket cells) (Fig. 4A). In the midbody and tail
region, reporter gene expression is evident in the AVM and
ALM touch sensory neurons, in the ALN and PLN neuron
classes and in the PVQ interneurons, which extend axons
along the left and right ventral nerve cord, respectively (Fig.
4C and D). Reporter gene fusions that contain more
genomic sequence (dop-1prom2::gfp and dop-1trans::gfp;
see Fig. 4A) show expression in similar sets of cells. In
addition, dop-1prom2::gfp expression is observed in addi-
tional sets of unidentified head neurons. A dop-1trans::gfp
reporter protein, which contains dop-1 coding sequences, is
as expected, localized to the plasma membrane and has a
punctate appearance along axons and muscle arms (Fig. 4E
and F).
Reporter gene fusions to dop-2 produce gfp expression
exclusively in a small set (10) of neurons in the head and
tail ganglia of larval and adult hermaphrodites (Fig. 4H).
The strongest and most consistent expression is observed in
the RIA(L/R) interneuron pair. In addition, expression of
variable intensity and penetrance can be observed in at least
a subset of the sublateral interneurons (SIA and SIB) which
send characteristic axons along sublateral tracks (Fig. 4J)
and in the unilateral RID neuron (data not shown). In the
tail, a single neuron, the PDA neuron, shows dop-2::gfp
expression (Fig. 4K).
Expression pattern of reporter gene fusions to serotonin
receptor loci, ser-1 and ser-4
Expression of a ser-4::gfp reporter gene construct is
restricted to a few neurons in the nervous system (Fig. 5).
Most consistent expression can be observed in the RIB and
RIS head interneuron classes. Less consistent expression is
observed in a pharyngeal neuron, a pair of sublateral inter-
or motorneurons, rarely in a pair of neurons in the retrove-
sicular ganglion, the PVT tail neuron, and either the DVA or
DVC tail interneuron (Fig. 5).
ser-1::gfp is expressed in most pharyngeal muscles (Fig.
5). ser-1::gfp was not obviously detectable in pharyngeal
neurons, but it is possible that weak expression may be
obscured by the strong pharyngeal muscle gfp expression.
Faint fluorescence can be observed surrounding the isthmus
of the pharynx and may be ascribed to the neuropil of the
nerve ring.
Expression pattern of other biogenic amine receptors
We also generated translational gfp fusions to the bio-
genic amine receptor loci M03F4.3, T02E9.3, F14D12.6,
F01E11.5, K02F2.6, and C09B7.1. Since we did not con-
firm the gene structure predictions by cDNA analysis and
since the nature of the ligands for these receptors has neither
been examined in vitro nor can be easily predicted by
sequence alignment and phylogenetic analysis, we refrained
from engaging in a detailed expression pattern analysis of
transgenic animals expressing these reporters. However, we
noted that each one of these reporter gene constructs
showed a very restricted expression pattern almost exclu-
sively in a subset of head and tail neurons (data not shown).
Overlap of aminergic receptor and LIM homeobox gene
expression
The expression of each of the biogenic amine reporter
gene fusions, described in detail above, shows significant
overlap with the expression of different Lhx gene classes
(Hobert et al., 1997, 1998, 1999; Sagasti et al., 1999; Way
and Chalfie, 1989) (see Fig. 11). This observation allowed
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us to address the following questions. First, how do the
respective Lhx genes affect biogenic amine receptor expres-
sion? Second, since some of the aminergic receptor reporter
genes readily visualize the anatomy of individual neuron
classes, we could ask whether mutations in the Lhx genes
affect the anatomy of the neurons in which they are nor-
mally expressed. In the next sections, we will describe how
null mutations in five distinct classes of Lhx genes (ttx-3,
lim-4, lin-11, lim-6, mec-3) affect the aminergic receptor
expression profiles and/or the axon morphologies of eight
different neuron classes (AIY, AIZ, RID, RIS, RME, PVD,
PVQ, DVA).
ttx-3 affects AIY interneuron differentiation
We have previously shown that expression of an extra-
chromosomal ser-2prom1 reporter gene array in the AIY
interneuron class depends on the presence of a functional
ttx-3 Lhx gene (Altun-Gultekin et al., 2001). Using a chro-
mosomally integrated reporter array, we confirmed this
Fig. 5. Expression of ser-4::gfp and ser-1::gfp. (A) Reporter gene construct for ser-4. (B) Overview of expression of ser-4::gfp (adEx1616) in a mid-larval
stage animal. RIB, RIS head neuron classes. SL sublateral neurons. pha pharyngeal neuron. RVG retrovesicular ganglion. TN tail neuron (either
DVA or DVC). (C) Expression in the PVT tail neuron. (D) Higher magnification view of the two head neuron classes that express ser-4::gfp most consistently,
RIB and RIS. All animals are at mid larval stages. (E) Reporter gene construct for ser-1. (F) The ser-1::gfp fusion is mainly expressed in the pharynx. The
white arrow points to the axon bundle of the nerve ring (note that this reporter fusion contains the ser-1 coding region and may hence be transported to axons).
Expression in the pharyngeal muscle group pm4 is consistently weaker than in other muscles. The white star indicates nonspecific gut autofluorescence.
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finding (1/17 animals shows wild-type expression) (Fig. 6).
In addition, we tested whether transcription of the ser-2b/
ser-2c splice forms, which contain a regulatory element for
AIY expression that is independent of that for the ser-2a
splice form (Fig. 2), is also under the control of ttx-3. By
crossing the ser-2prom2::gfp reporter array into ttx-3 null
mutant animals, we indeed found this to be the case (0/17
animals show wild-type expression) (Fig. 6). ttx-3 is thus
required for the expression of all indicated ser-2 splice
forms in AIY. These results are consistent with previous
evidence that ttx-3 affects all known subtype-specific fea-
tures of the AIY interneuron class (Altun-Gultekin et al.,
2001).
lim-4 affects RID motor neuron differentiation
The expression of two splice forms of ser-2 also over-
laps with the expression of another Lhx gene, the Lhx6/
8-type Lhx gene lim-4. This overlap can be observed in
the unilateral RID motorneuron, which sends an axon
along the dorsal nerve cord. Interestingly, we found
that lim-4 regulates expression only one of the two
distinct RID-expressing ser-2 regulatory elements.
ser-2prom1::gfp expression (monitoring the ser-2a splice
form) in RID is largely unaffected in lim-4 null mutants
(24/30 animals with normal expression), whereas the
RID-regulatory element in ser-2prom2::gfp (monitoring
expression of ser-2b/ser-2c) is severely affected in lim-4
null mutants (0/42 with normal expression) (Fig. 7A and
B). These findings prompted us to assess the differenti-
ated state of RID in lim-4 null mutants in greater detail.
To this end, we made use of four more RID cell fate
markers, namely the kal-1 gene (Bu¨low et al., 2002), the
ceh-10 gene (Svendsen and McGhee, 1995), the zig-5
immunoglobulin gene (Aurelio et al., 2002), and a novel
putative neuropeptide receptor, C50F7.1 (A.S.W. and
O.H., unpublished observations). Reporter gene fusions
revealed significant RID differentiation defects in lim-4
mutant animals (Fig. 7C and D). A kal-1::gfp reporter
construct shows defective expression of the transgene in
65% (n  34) of animals examined (Fig. 7C). A
ceh-10::gfp reporter gene fusion is never appropriately
expressed in RID (Fig. 7D; n  27). A zig-5::gfp reporter
gene fusion showed reduced or absent expression in RID
in 100% of animals examined (n  33; data not shown).
In contrast, expression of a C50F7.1::gfp fusion gene
shows no defect in lim-4 mutants (95% of animals tested
show normal expression; n  19; data not shown). TheFig. 6. ser-2 reporter gene fusions require ttx-3 for correct expression in
AIY. Expression of the ser-2prom1::gfp (otIs107) transgene (upper panel)
and the ser-2prom2::gfp (otEx536) transgene (lower panel) in wild-type
and ttx-3(mg158) mutant animals. Whereas the respective transgenes are
always expressed in AIY in wild-type animals, they fail to be expressed in
ttx-3(mg158) mutant animals (otIs107: 16/17 animals show no expression;
otEx536: 17/17 animals show no expression). The white star indicates
nonspecific gut autofluorescence.
Fig. 7. lim-4 affects RID differentiation. (A) Expression of
ser-2prom1::gfp (otIs107) in wild-type and lim-4(ky403) mutant animals.
Expression levels in RID and axon anatomy of RID are largely unaffected.
24/30 animals show normal expression levels and axon anatomy; 6/30 had
slightly dimmed expression. In many cases, the cell body was obscured by
strong head muscle staining and expression in RID had to be assessed by
gfp levels in the axon rather than cell body; wild-type control: 34/34
animals show strong expression. (B) Expression of ser-2prom2::gfp
(otEx536) in wild-type and lim-4(ky403) mutant animals. Whereas the
transgene is always expressed in RID of wild-type animals (n  42), it is
significantly downregulated in lim-4(ky403) mutants (0/42 animals show
expression comparable to wild-type, 36/42 have no expression in RID; 6/42
have very faint expression in a cell that is in a similar position to RID; the
figure panel shows an example of the latter case). The white star indicates
nonspecific gut autofluorescence. (C) Expression of kal-1::gfp (otIs33) is
affected in RID by lim-4 null mutations (12/34 animals show wild-type
expression levels; 42/42 wild-type animals show expression in RID). (D)
Expression of ceh-10::gfp (lqIs4) is affected in RID in lim-4 null mutant
animals (0/27 animals show wild-type expression levels; 43/43 wild-type
animals show expression in RID).
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RID-expressing reporter constructs that are not affected
by lim-4, namely ser-2prom1::gfp and C50F7.1::gfp, al-
lowed us to visualize RID motor axon outgrowth in the
dorsal nerve cord, which we found to be unaffected by
loss of lim-4 (Fig. 7A).
Taken together, lim-4 regulates some but not all aspects
of RID differentiation (ser-2b/c, kal-1, zig-5, and ceh-10
expression) (see Fig. 11). At this point, it is unclear whether
LIM-4 binds to cis regulatory elements of the ser-2, kal-1,
zig-5, and ceh-10 loci or if it acts indirectly through inter-
mediate factors to affect their expression.
lim-6 affects RIS interneuron differentiation
The usefulness of the ser-2 reporter gene fusions to
assess cellular differentiation in Lhx gene mutant back-
grounds prompted us to utilize our aminergic receptor
probes to assess the state of cellular differentiation in other
Lhx gene mutants and to ask whether it is a common theme
of Lhx gene function to regulate biogenic amine receptor
expression, either directly or indirectly.
The sole neuron that expresses the dop-1prom1::gfp re-
porter in head ganglia, the unilateral RIS interneuron (Fig.
4), also expresses the lim-6 Lhx gene (Hobert et al., 1999).
Similarly, a ser-4 reporter gene construct is also expressed
in RIS (Fig. 5). By crossing each reporter transgene into a
lim-6 null mutant background, we found that dop-1 expres-
sion in RIS requires lim-6 (Fig. 8A). lim-6 also significantly
affects the expression of the ser-4 serotonin in RIS (Fig.
8A). We examined whether lim-6 affects RIS differentiation
on a broader level and examined the expression of two
additional RIS cell fate markers, the glr-1 glutamate recep-
tor (Hart et al., 1995; Maricq et al., 1995) and the zig-5 Ig
domain-containing gene (Aurelio et al., 2002). Reporter
gene fusions for both genes fail to be appropriately ex-
pressed in lim-6 mutants (Fig. 8B).
We have previously demonstrated that an unc-25::gfp
reporter for the GABA-synthesizing enzyme glutamic acid
decarboxylase also fails to be appropriately expressed in
lim-6 null mutants (Hobert et al., 1999). However, RIS is
not completely undifferentiated or even absent in lim-6
mutants since expression of the unc-47 GABA transporter is
unaffected in lim-6 mutants (Fig. 8C) (Hobert et al., 1999).
With a newly generated transgene, otIs39 (an unc-47::gfp
derivative), we were now able to assess RIS anatomy in
lim-6 mutant animals and found no gross defects (Fig. 8C).
Taken together, we have provided evidence that lim-6 mu-
tations severely affect the differentiation of the RIS inter-
neuron without affecting its generation, survival, or overall
anatomy. LIM-6 may directly bind the regulatory elements
upstream of the dop-1, ser-4, glr-1, zig-5, and unc-25 loci or
may regulate the expression of another factor, which then
regulates the expression of these genes.
ser-2 and dop-1 as cell fate markers to assess neuronal
differentiation in other Lhx mutant backgrounds
The lin-11 Lhx1/3-type gene was previously reported to
be expressed in either DVA or DVC (Sarafi-Reinach et al.,
2001). Due to position and overlap of expression of
lin-11::gfp and ser-2prom2::gfp reporters, we could now
Fig. 8. lim-6 affects RIS differentiation. (A–C) Expression of various
reporter transgenes in wild-type and lim-6(nr2073) null mutants. The white
arrow points to the unilateral RIS interneuron. The white star indicates
nonspecific gut autofluorescence. The penetrance of defects in (A) and (B)
are as follows: ser-4::gfp (adEx1616) 96% on in wild-type (n  24), 30%
on in lim-6(nr2073) (n  27). dop-1prom1::gfp(otEx233) 91% on in
wild-type (n  33), 20% on in lim-6(nr2073) (n  25). glr-1::gfp (nuIs1)
100% on in wild-type (n  21), 9% on in lim-6(nr2073) (n  33).
zig-5::gfp (otls11) 100% on in wild-type (n  25), 3% on in lim-6(nr2073)
(n  31). (C) The RIS interneuron is generated and its axon morphology
(including its characteristic branch; White et al., 1986) is normal in lim-6
null mutants (40/40 animals). The reporter transgene used, otIs39, is a
deletion fragment of the unc-47::gfp reporter and is expressed within the
head ganglia in RME(L/R), RIS, and weakly in AVL.
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unambiguously identify the lin-11-expressing cell as DVA.
lin-11 had previously been shown to affect the differentia-
tion of a variety of neurons (Hobert et al., 1998; Sarafi-
Reinach et al., 2001), but its function in several other neuron
types, such as DVA, had remained obscure. We addressed
the effect of completely eliminating lin-11 activity on DVA
development by crossing a ser-2prom2::gfp transgene
(otEx536) into lin-11(n389) null mutants and found that
expression of ser-2prom2 in DVA is unaffected. Moreover,
DVA axonal anatomy appears indistinguishable from that of
wild-type (data not shown). These observations allow us to
conclude that lin-11 does not affect the generation or gross
differentiation of this neuron.
Removal of the AIZ interneuron class causes behavioral
defects similar, though less severe, to those seen in lin-11
null mutants (Hobert et al., 1998; Mori and Ohshima, 1995).
Given the profound effects of the ttx-3 Lhx gene on the
differentiation of the AIY interneuron class, which is pre-
synaptic to AIZ, it was conceivable that, in lin-11 mutants,
the AIZ neuron would be similarly undifferentiated. How-
ever, we find that ser-2prom2::gfp expression in the AIZ
interneurons is unaffected in lin-11 null mutants (data not
shown). Thus, although loss of lin-11 appears to disrupt the
functionality of the AIZ interneuron class, it does not com-
pletely disrupt its differentiation program.
dop-1 reporter gene expression in the PVQ tail interneu-
rons allowed us to assess whether the development of these
neurons requires the lin-11 Lhx gene, which is also ex-
pressed in PVQ (Hobert et al., 1998). dop-1 expression,
axon morphology, and placement of PVQ were unaffected
in lin-11(n389) null mutants (data not shown).
The lim-6 Lhx gene is coexpressed with ser-2prom2 in
the RMEL/R motor neurons. Consistent with the lack of
effect of loss of lim-6 on other RME(L/R) markers (Hobert
et al., 1999), we find that ser-2prom2 is correctly expressed
in RMEL/R in lim-6 null mutants (data not shown).
Taken together, using aminergic receptor expression as a
way to assess cellular differentiation in a variety of genetic
backgrounds, we found that several distinct types of Lhx
genes have no impact on the overall generation or morphol-
ogy of specific neuronal cell types (see Fig. 11).
The dendritic branching pattern of the PVD harsh touch
sensory neuron requires mec-3
The ser-2prom3::gfp reporter allowed us to visualize un-
usual aspects of PVD(L/R) anatomy. These neurons were not
completely traced in a previous electron microscopical recon-
struction of the nervous system, although it was noted that the
postembryonically generated PVD(L/R) cells each project an
anteriorly and posteriorly directed dendrite with no synaptic
output and a ventrally directed axon that joins the ventral nerve
cord to synapse with command interneurons (White et al.,
1986) (Fig. 9A). The ser-2prom3::gfp reporter extends these
previous findings by revealing that the anteriorly and posteri-
orly projecting dendrites display an extensive branching pat-
tern, leading to an almost web-like structure covering most of
the animal (Fig. 9B). This morphology can be observed in
midlarval stages when the reporter gene construct starts to be
expressed and appears to be further elaborated upon maturation
of the animal. We observe this morphology in seven indepen-
dent transgenic lines. Since this unusual PVD morphology has
also recently been observed with antibody staining against a
PVD-expressed antigen (Halevi et al., 2002), we consider it
unlikely that this morphology is a reporter gene-induced arti-
fact. The highly branched morphology of PVD may be a
critical aspect of its function as a harsh touch sensory neuron,
which was previously characterized through laser ablation
studies (Way and Chalfie, 1989).
The mec-3 Lhx gene, a founding member of the Lhx
gene family, is required for the adoption of all known
differentiation features of the AVM, PVM, ALM, and PLM
light touch neurons (Way and Chalfie, 1988). In addition to
those neurons, mec-3 is also expressed in the PVD harsh
touch neurons. Furthermore, the harsh touch sensory defect
observed by PVD ablation is phenocopied in mec-3 mutants
(Way and Chalfie, 1989). The effect of mec-3 on PVD
function was, however, not previously understood on a
molecular or cellular level. The ser-2prom3::gfp construct
allowed us to visualize the generation and correct position-
ing of the cell body and its axonal and dendritic processes in
mec-3 mutants. We observed that mec-3 does not affect the
adoption of these cell fate characters (Fig. 9C). However,
we found a striking effect of loss of mec-3 function on the
elaborate dendritic branching pattern of PVD. In the two
strong loss-of-function alleles, n3197 and e1338, the den-
dritic branching is virtually absent (Fig. 9C). We hypothe-
size that impaired harsh touch defects in mec-3 mutants may
at least be partly caused by failure of PVD to establish an
intact dendritic branching pattern.
Isolation and characterization of a ser-2 null allele
Having established potential sites of biogenic amine re-
ceptor expression, we next attempted to elucidate their func-
tional roles. We focused our efforts on the ser-2 gene due to
its intriguing sites of neuronal expression. Specifically,
ser-2 reporter gene constructs are expressed in a set of
interneuron classes (AIY, AIZ, and RIA) whose synaptic
connectivities to various sensory neuron classes suggest that
these cells may play a role in processing sensory informa-
tion (Fig. 10A) (White et al., 1986). Consistent with this
notion, all three neuron classes have been shown to have a
prominent role in thermotaxis behavior (Mori and Ohshima,
1995). More recently, we implicated the AIY and AIZ
interneuron classes in controlling locomotory behavior and
the response to defined chemo- and odorsensory cues
(Tsalik and Hobert, 2003). Lastly, the disruption of the ttx-3
Lhx gene, which we have shown here to cause defects in the
expression of several ser-2 reporter genes in the AIY inter-
neuron class, leads to strong defects in all known AIY
interneuron-mediated behaviors (Tsalik and Hobert, 2003).
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These observations prompted us to test whether ser-2
may have a role in any of the AIY-, AIZ-, and RIA-
mediated behaviors and/or other behaviors potentially reg-
ulated by other ser-2-expressing cells. To this end, we
isolated animals from a mutagen-induced library containing
a deletion in the ser-2 locus. The mutant allele retrieved,
pk1357, contains a 1442-bp deletion that removes exon 2
through exon 4 of the ser-2 coding sequence and causes a
128-amino-acid in-frame deletion encompassing parts of
transmembrane domain 1, all of transmembrane domains 2
and 3, and parts of transmembrane domain 4 (Figs. 1B and
2B). The predicted protein product of ser-2(pk1357) only
contains four transmembrane regions, possibly leading to an
inversion of intra- and extracellular domains. The deletion
also encompasses several critical sites necessary for proper
receptor functioning, including a conserved negatively
charged aspartate residue at position 127 (numbering from
SER-2A) involved in ligand binding, as well as the highly
conserved DRY motif required for G-protein coupling (Rex
and Komuniecki, 2002; Wess, 1998). In addition, the i1
loop is absent, which is also critical for receptor/G-protein
coupling in numerous GPCR’s of this class (Wess, 1998).
Taken together, it appears likely that ser-2(pk1357) repre-
sents a strong loss-of-function if not a null allele.
Neurotransmitters including the biogenic amine sero-
tonin were shown to be involved in neural differentiation
(Lauder, 1993) and neuronal migration (Kindt et al.,
2002). We tested whether neural development is affected
in ser-2 null mutant animals, focusing on the AIY inter-
neuron class, which normally expresses ser-2 and for
which well-characterized tools for visualization are avail-
able. We find that loss of ser-2 does do not affect
the generation of the AIY interneurons, their cell posi-
tion, or their axodendritic anatomy (Fig. 10B). The
ser-2prom1::gfp reporter, which labels many of the ser-
2-expressing cells, appears to be normally expressed in
ser-2 null mutants, demonstrating that ser-2-expressing
cells are generated normally (data not shown).
We next subjected ser-2(pk1357) mutants to a variety of
behavioral assays that measure sensory information pro-
cessing, several of which we have previously shown to be
affected by removal of ser-2-expressing cells (Tsalik and
Hobert, 2003). We were unable to detect any significant
behavioral defects in ser-2(pk1357) animals (Fig. 10C–E;
Table 1). In Fig. 10C and D, we show representative exam-
ples of results in behavioral assays that represent highly
sensitive tests for locomotory, odor- and chemosensory be-
havior. As a positive control, we tested ttx-3 mutant ani-
Fig. 9. mec-3 affects dendritic branching of the PVD sensory neurons. (A, B) The ser-2prom3::gfp reporter gene fusion reveals the complex morphology of the PVD
harsh touch sensory neurons. (A) Morphology of the main axons of PVD as determined by White et al. (1986). Arrowheads indicate the sites of PVD synaptic output
to command interneurons. (B) Upper panel: Morphology of PVD visualized with ser-2prom3::gfp in a mid-larval stage animal. Main axons are labeled with arrows
(note the anteriorly, posteriorly, and ventrally directed axons). Additional branches, not previously reported, are indicated with arrowheads. Middle and lower panels:
Two examples of PVD morphology in adult animals. The branching pattern has become more elaborate. Similar morphologies have been observed in seven
independent transgenic lines (otEx449-456). (C) PVD morphology is disrupted in mec-3 mutant animals. Upper panel: Adult wild-type control animals. PVD is
visualized with the otIs138 transgene. Arrows point to main axon shaft, arrowheads to axon branches. Middle and lower panels: PVD morphology in the two
recessive mec-3 loss-of-function alleles e1338 and n3197. 0/25 e1338 animals show the extensive braching patterns of wildype animals; 1/23 n3197 animals show
the branching pattern; 22/23 animals show either no branching or just occasional short branches (arrowhead). The weak mec-3 allele, u298, shows a somewhat
reduced elobration of dendritic branches, which we found difficult to acurately quantify.
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mals, in which the AIY interneuron class is disrupted and in
which a specific set of behavioral defects can be observed
(Tsalik and Hobert, 2003) (Table 1). The absence of loco-
motory defects and odorsensory defects contrasts the effects
of tyramine reported in these behaviors in other inverte-
brates (Kutsukake et al., 2000; Roeder, 1999). In addition,
since SER-2 also has appreciable affinity for octopamine
(Rex and Komuniecki, 2002), which was previously shown
to inhibit egg-laying behavior in worms (Horvitz et al.,
1982), we assessed egg-laying behavior of ser-2(pk1357)
mutants. We found that ser-2 mutants show normal egg-
laying behavior and respond to octopamine in a manner
Fig. 10. ser-2 mutant animals show normal locomotory and sensory behaviors. (A) ser-2 is expressed in primary interneurons that were shown to be required
for sensory processing (Mori and Ohshima, 1995; Tsalik and Hobert, 2003; White et al., 1986). (B) Normal axon morphology of AIY interneurons in
wild-type and ser-2(pk1357) adult animals, as visualized with the mgIs18 transgene (lateral view). (C–E) Results of a representative set of behavioral assays
testing ser-2 mutant animals. For a complete list, see Table 1. Behaviors shown here measure various aspect of locomotory behavior [basal and enhanced
slowing response, (C) Sawin et al., 2000], chemosensory behavior [maze assay, (D) Brockie et al., 2001b] and egg-laying behavior in the presence or absence
of octopamine (E). Numbers above bars in (C) indicate the number of worms at that set of conditions. The maze assay in (D) represents a more complex
chemical environment than the originally described olfactory assays (Bargmann et al., 1993) as it incorporates volatile attraction (“X” in schematic denotes
diacetyl) and soluble chemical repulsion (line in schematic designate upper barrier). Results from fifteen maze assays for the wild-type and eight for
ser-2(pk1357) are reported. Each assay represents more than 200 worms/assay plate. Data in (E) represents the total number of eggs laid by two adult
worms/plate as a function of time averaged across five assay plates under each set of conditions and for each genotype. Error bars represent standard error
of the mean.
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indistinguishable from wild-type (Fig. 10E). Octopamine
has also been demonstrated to have a role in metabolic
regulation in insects (Roeder, 1999) prompting us to assess
fat-storage. Using nile red staining (Ashrafi et al., 2003) we
observed no differences between ser-2 mutants and wild-
type control animals (data not shown).
SER-2 contains conserved residues whose mutagenesis
has been shown to lead to constitutive, ligand-independent
activity in related GPCR family members (Pauwels and
Wurch, 1998; Wess, 1998). Introducing these mutations
(using SER2A numbering, D155A in the DRY motif and
A345E in the BBXXB motif) into SER-2 and expressing
these constructs in the AIY neurons of wild-type animals
yielded no obvious behavioral defects (data not shown).
Fig. 11. LIM homeobox genes and neuronal differentiation. The effects of disrupting an Lhx gene (red) on the expression of cell fate markers and axogenesis
in various neuronal cell types is schematically depicted. Biogenic amine receptors presented in this paper are in blue. In those cases where no effect is
observed, other factors (“?”) must regulate expression of the marker and/or axogenesis. Dark shading indicates that the Lhx gene is required to adopt all
known subtype-specific features of a neuron; light gray shading indicates that the Lhx gene is required for the adoption of several but not all subtype characters
of a neuron; no shading indicates that the Lhx gene has no known effect on differentiation. See Hobert et al. (1999) for lim-6 function in RME and
Altun-Gultekin et al. (2001), for ceh-10 and ttx-3 function in AIY. Not shown in this summary are the effect of mec-3 on all known light-touch sensory neuron
markers (Zhang et al., 2002) and the limited effect of ttx-3 on other neuron classes (Altun-Gultekin et al., 2001). We could not assess axogenesis of the AIZ
interneurons since too many other head neurons are labeled with the ser-2prom2::gfp reporter, obscuring the AIZ axons. The vertebrate homologs of the Lhx
genes are: ttx-3: Lhx2/9, lin-11: Lhx1/5, lim-6: Lmx1.1/2, lim-4: Lhx6/8 (Hobert and Westphal, 2000). The molecular identity of the terminal differentiation
genes are: unc-17  ACh transporter; sra-11 and C50F7.1  orphan 7TMRs; glr-1  glutamate receptor; zig-5  secreted 2-lg domain protein; ceh-10 and
ceh-23  homeobox genes; unc-47/unc-25  GABA transporter/synthesizing enzyme; hen-1 and kal-1  secreted signaling/matrix proteins (Altun-Gultekin
et al., 2001). Note that AIY and RID share a striking homology with respect to gene expression profiles. Five of six cell-fate markers in RID are also expressed
in AIY (underlined gene names). However, the gene regulatory hierarchy is very different in these neurons. In AIY, the ceh-10 homeobox gene is required
for the expression of all known cell-specific characters (Altun-Gultekin et al., 2001), but in RID it does not appear to regulate the cell-fate markers that we
tested (lim-4, ser-2a; data not shown). Moreover, Lhx genes expressed in AIY and RID have differential importance in both cell types. The AIY-expressed
ttx-3 Lhx gene affects all known AIY properties, whereas the RID-expressed lim-4 Lhx gene affects only a restricted subset of RID properties. These points
illustrate the context dependency of transcription factor action. Lastly, it is interesting to note that RID can be made to appear more AIY-like through the
ectopic expression of ttx-3 (Altun-Gultekin et al., 2001), suggesting that lim-4 and ttx-3 act in a strictly nonredundant manner.
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Taken together, we have been unable to detect a function for
SER-2 using loss- and gain-of-function approaches.
Discussion
We reported here the in silico identification of biogenic
amine receptors in the worm genome, an analysis of unusual
splice variants of one of these receptors, the expression
patterns of several of the receptors, and their use as markers
to assess the fate of neuronal cell types in LIM homeobox
gene mutants. Lastly, we assessed the consequences of a
loss of the C. elegans tyramine receptor, ser-2.
Relation between aminergic receptor gene expression
patterns and serotonin, dopamine and tyramine function
and expression
What are the cells that produce serotonin, dopamine, and
tyramine in C. elegans, and how do these cells relate to the
sites of expression of the respective receptor? Furthermore,
how does the site of receptor gene expression relate to the
described functions of serotonin and dopamine? It is worth
noting that the ensuing discussion relies on the analysis of
reporter gene constructs, rather than endogenous transcripts.
Although we cannot rule out the possibility that additional
transcriptional regulatory elements exist that were not in-
cluded in our reporter gene fusions, we nevertheless con-
sider the results obtained from reporter genes as a reason-
able, first approximation of the sites of endogenous gene
expression.
The application of exogenous serotonin, serotonin-re-
uptake inhibitors, and the genetic analysis of mutants de-
fective in serotonin biosynthesis revealed a complex picture
for serotonin action. In brief, serotonin appears to regulate
various aspects of egg-laying behavior, locomotory behav-
ior, pharyngeal pumping, male mating behavior, and meta-
bolic remodeling (Avery and Horvitz, 1990; Loer and
Kenyon, 1993; Mendel et al., 1995; Sawin et al., 2000;
Schafer and Kenyon, 1995; Segalat et al., 1995; Sze et al.,
2000; Weinshenker et al., 1995). The sites of serotonin
synthesis have been identified by using serotonin antibody
staining and visualization of tryptophan hydroxylase report-
ers and include a rather limited set of sensory, inter- and
motor neurons in the hermaphrodite, including the ADF
sensory neurons, the AIM and RIH interneurons, the pha-
ryngeal NSM neuron, and a subset of VC motor neurons
(Desai et al., 1988; Sze et al., 2000). The expression of the
ser-4 serotonin receptor does not correlate to the postsyn-
aptic targets of these neurons. However, like other biogenic
amines, serotonin can be humorally released to act on non-
synaptically connected cells over some distance (Bunin and
Wightman, 1999). Expression of ser-1 in pharyngeal muscle
makes it a good candidate to be responsible for serotonin’s
effect on pharyngeal pumping (Avery and Horvitz, 1990).
However, a ser-1 mutant allele in which the C terminus of
ser-1 is deleted shows no defects in pharyngeal function
(T.N. and L.A., data not shown).
The effects and localization of dopamine have also been
well documented. There are eight dopaminergic neurons in
hermaphrodites which have been identified through FIF
staining (Sulston et al., 1975) as well as by localization of
tyrosine hydroxylase, cat-2, (Lints and Emmons, 1999), and
a dopamine transporter, dat-1 (Nass et al., 2002). The ex-
pression patterns of the dop-1 and dop-2 receptors do not
match with the postsynaptic targets of these neurons. How-
ever, as with ser-2, dopamine may act nonsynaptically, may
be taken up by other cells and then rereleased, and/or other
aminergic receptors (Fig. 1A) may be sensitive to it.
The octopamine producing enzyme, tyramine- hydrox-
Table 1
Summary of behavioral analysis of ser-2 null mutant animals
Behavior
testeda
Behavior of
ser-2(0)
animalsb
Behavior of
ttx-3(0)
animalsb
Sensory
behaviors
Odortaxis: attraction
(diacetyl, benzaldehyde,
isoamyl alcohol, thiazole)
 
Odortaxis: repulsion
(nonanone)
 
Adaptation (diacetyl,
benzaldehyde)
 
Odor induced modulation of
reversal behavior
 
Chemotaxis  
Thermotaxis  
Mechanosensation: harsh
touchc
 
Copper barrier choice assayd  
Maze Assay  
Locomotory
behaviors
Thrashing  
Reversal frequency  
Body bends/time  
Basal/enhanced slowing
response
 
Amplitudee  
Others Defecation  
Male matingf  
Egg layingg  n.d.
Dauer formationh  
a References for behavioral assays are given in materials and methods.
b
“” refers to ser-2(pk1357) or ttx-3(0) animals being indistinguishable from
wild-type animals which were also tested in parallel. “” refers to defects ob-
served in ttx-3 mutants (data not shown and Tsalik and Hobert, 2003).
c mec-3(e1338) (Way and Chalfie, 1989) served as the control for the
harsh touch mechanosensation assay.
d hen-1(tm501) (Ishihara et al., 2002) served as the control for the copper
barrier choice assay.
e lim-4(ky403) (Sagasti et al., 1999) served as the control for the measure
of amplitude.
f This behavior was not tested in detail, but it was noted that ser-2 mutant
males are capable of producing progeny when mated to wild-type animals.
g Egg laying was tested in the absence and presence of octopamine (see
text). n.d.: not determined.
h Dauer formation was scored at 25°C in a daf-7(e1372) sensitized
background.
98 E.L. Tsalik et al. / Developmental Biology 263 (2003) 81–102
ylase, is expressed exclusively in the RIC interneuron pair
(M. Alkema and R. Horvitz, personal communication),
making it likely that tyramine, the biosynthetic precursor to
octopamine, is also produced in this pair of cells. In contrast
to the neurotransmitter, expression of the ser-2 tyramine
receptor is more widespread, making it possible that tyra-
mine is produced in additional cells other than RIC. These
issues will only be resolved upon the availability of tyra-
mine-specific antibodies. The relatively broad expression of
the tyramine receptor (10% of all neurons in the nervous
system) mirrors the broad expression of its fly, locust, and
honeybee homologs (Arakawa et al., 1990; Blenau et al.,
2000; Kutsukake et al., 2000; Saudou et al., 1990; Vanden
Broeck et al., 1995).
Characterization of a worm tyramine receptor
The ser-2 locus displays intriguing splicing patterns. The
choice of the first exon appears to determine which internal
alternative splice site selection is made. Since our analysis
suggests that each of the first exons is preceded by its own
promoter, it appears that promoter choice determines the
internal splicing pattern. Similar promoter/splice choice
coupling events have been observed in only a few other
instances, such as in the transcription and processing of the
mammalian bcl-X locus and the fibronectin locus (Cramer et
al., 1997; Pecci et al., 2001). In the latter case, the under-
lying molecular basis for such coupling lies in a promoter-
dependent regulation of the activity of SR-type splicing
factors (Cramer et al., 1999).
The functional output of alternative splicing in ser-2
exon 5a is the inclusion of a premature stop codon leading
to the production of a truncated protein. In light of the
previously recognized dimerization potential of G-protein
coupled 7TMRs (Bouvier, 2001), it is possible to think of
the truncated proteins as naturally occurring dominant neg-
ative forms of the receptor. Since the sites of expression of
truncated and nontruncated transcripts overlap (e.g., the
AIY and RID neurons express both ser-2a and ser-2b/ser-
2c), it is interesting to speculate that the activity of the
tyramine receptor within a single cell may be fine-tuned by
differential regulation of the expression of one transcript
versus the other. An indication for such differential regula-
tion comes from our observation that the lim-4 transcription
factor affects the expression of two RID-expressed splice
forms (ser-2b/ser-2c), but not the third RID-expressed
splice form (ser-2a).
We have described here a loss-of-function allele in the C.
elegans tyramine receptor, ser-2. Using a variety of assays
that measure the function of several of the neurons in which
ser-2 is expressed, we found no significant consequences of
loss of ser-2. This is in contrast to the odorsensory defects
observed in Drosophila tyramine receptor mutants (Kut-
sukake et al., 2000; Nagaya et al., 2002). Also, the effects
that tyramine has on the modulation of neuromuscular sig-
naling in flies (Nagaya et al., 2002) are not mirrored by
locomotory defects of any detectable type in ser-2 mutant
animals. Our behavioral assays may lack the sensitivity to
detect SER-2 function, SER-2 may not be the only tyramine
receptor in C. elegans, and/or SER-2 may mediate aspects
of neuronal circuit function of which we are not currently
aware.
Function of Lhx genes in different tissue types
The expression of neurotransmitter receptors, such as the
biogenic amine receptors described here, contributes to the
subtype identity of a neuron and can be considered a hall-
mark of the terminal differentiation of a neuron. Probes that
monitor the expression of these receptors, such as the re-
porter gene fusions that we describe here, can thus serve as
valuable tools to assess the differentiated state of a neuron
in specific mutant backgrounds. We have used these tools to
address how specific types of Lhx genes affect the adoption
of neuronal subtype identities. By showing that several
distinct ser-2 transcriptional gene fusions fail to be appro-
priately expressed in the AIY interneuron class in ttx-3
mutant animals, we have extended our previous findings
(Altun-Gultekin et al., 2001) that this Lhx gene affects all
known subtype characteristics of the AIY interneuron class.
A similar, though distinct scenario applies for the Lmx1-
type lim-6 Lhx gene and the Lhx4-type lim-4 gene. With the
help of biogenic amine receptor probes, we could show that
lim-6 affects several but not all differentiated characteristics
of the RIS interneuron class and that lim-4 affects several
but not all differentiated characteristics of the RID motor
neuron class. In contrast to ttx-3, which also severely affects
AIY anatomy, neither lim-4 nor lim-6 mutants show obvi-
ous defects in the neuroanatomy of RID or RIS, respec-
tively. We have thus defined two distinct scenarios for Lhx
gene action. In one interneuron class, the Lhx gene ttx-3
affects the adoption of every subtype-specific aspect of an
interneuron’s identity, including its axonal anatomy, but not
its generation. In another interneuron class, the resident Lhx
gene, lim-6, affects many but not all subtype-specific fea-
tures of that interneuron. Similar to the lim-6 case, the lim-4
Lhx gene also appears to affect some but not all features of
the RID neuron.
The cellular context-dependency of Lhx gene action is
not only gene-specific but is also cell-specific. That is,
different Lhx genes not only act distinctly in different cell
types, but one Lhx gene may act distinctly in different cell
types. We have previously shown that ttx-3 affects all
known subtype characteristics of the AIY interneuron class,
yet has little if any effect on the differentiation of other
neuron classes that express ttx-3 (Altun-Gultekin et al.,
2001). With the use of an aminergic receptor probe, we have
obtained some preliminary evidence for an apparently sim-
ilar theme for the mec-3 Lhx gene. mec-3 is required for the
adoption of all subtype characteristics of the light touch
sensory neurons, including the expression of all known
touch neuron genes and the patterns of axon outgrowth of
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the light touch neurons (Way and Chalfie, 1988; Zhang et
al., 2002). In contrast, our cell fate analysis of PVD in
mec-3 mutants shows that mec-3 has no effect on the ex
pression of the ser-2d splice form in PVD, nor does it have
an effect on the extension of two dendrites along the length
of the animal’s body and one axon in the ventral nerve cord.
Intriguingly, however, mec-3 is required for one specific
aspect of PVD differentiation, namely the elaboration of the
neuron’s dendritic branching pattern, which may allow the
neuron to fulfill its function as a harsh touch receptor. The
apparently more restricted function of mec-3 in the PVD
harsh touch sensory neurons versus the light touch neurons
cannot be explained by the absence of its cofactor unc-86,
which is also expressed in PVD, but may instead be due to
the lin-4-mediated inhibition of the lin-14 transcription fac-
tor (Mitani et al., 1993). Thus, the extent of the effect that
a given Lhx gene has on neuronal differentiation is dictated
by the presence of specific cofactors, which together form a
cell-type specific “transcription factor code.”
We also found that Lhx genes that have important func-
tions in some cellular contexts (lim-6, lin-11) have limited if
any effects on the differentiated state of the neuron in other
cellular contexts (DVA, PVQ, AIZ, RME) (Fig. 11). Since
AIZ is functionally disrupted in lin-11 mutants (Hobert et
al., 1998), it is likely that lin-11 has other as of yet unrec-
ognized targets in AIZ. In addition, we suspect that lim-6
and lin-11 also have unrecognized targets in RME, PVQ,
and DVA. These apparently negative results with the amin-
ergic receptor probes nevertheless make the relevant point
that, in specific cellular contexts, Lhx genes only partially,
if at all, affect neuronal differentiation. Even in those con-
texts where worm Lhx genes impinge on all subtype char-
acteristics of a neuron (mec-3 in touch sensory neurons or
ttx-3 in AIY interneurons), the neuron is still born and
adopts pan-neuronal properties. Our current data thus sup-
port our previous speculation that it is a common theme of
Lhx genes in C. elegans to act as postmitotic, identity-
determining factors (Hobert and Ruvkun, 1998; Hobert and
Westphal, 2000). Such a role is consistent with the postmi-
totic, identity-determining function of several Drosophila
and vertebrate Lhx genes (Benveniste et al., 1998; Thor et
al., 1999; Thor and Thomas, 1997; Thaler et al., 2002;
Tsuchida et al., 1994), but contrasts the role of many other
vertebrate Lhx genes, which have been implicated in earlier
developmental events affecting neuron generation (Bul-
chand et al., 2001; Pfaff et al., 1996; Porter et al., 1997;
Zhao et al., 1999). These earlier roles may reflect a verte-
brate-specific and hence evolutionarily more recent coop-
tion into novel contexts.
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